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Abstract: Friction stir welding was performed on AA2024- T6 aluminum plates using
different rotation and traverse speeds with the objective of improving the mechanical
strength and microstructure properties. The influence of the traverse and rotation speed on
the microstructures, mechanical properties and residual stresses of the welded Aluminum
plates were investigated. By increasing the rotation speed, stirred zone grain size became
larger. Besides, the homogenous second phase distribution was obtained. Furthermore, by
increasing both rotational and traverse speeds, hardness of the thermo-mechanically
affected zone and the stirred zone increase to base metal hardness. These welded plates
that were fractured at advancing side have a maximum tensile strength equal to 71% of
base plate strength which was obtained at 31.5 mm/min traverse speeds and 1120 rpm
rotational speed. The longitudinal residual stress was diminished with decreasing of
rotational speed by 1120 rpm at a constant traverse speed. In this conditions and by
increasing the traverse speed by 31.5 mm/min, the maximum tensile strength was obtained
as many as 48%. It was attributed to more plastic deformation and minimum grain size in
the weld zone due to higher traverse speed.
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1 INTRODUCTION

Mechanical and microstructure properties of aluminium
components have an important role when they employ
in engineering structures. Fatigue strength, corrosion
resistance and fracture type of the metallurgical joints
are under the influence of tensile strength, hardness and
Residual stress. Traditional welding processes make
non-uniform thermal distribution in welding area which
it has induced by residual stress. Therefore, it diminishes
the component life. Great demands on new
manufacturing process with low residual stress has
created Friction stir welding (FSW) method. This
technique is a solid-state welding method that involves
heating the base metal to the plastic zone. The residual
stresses in FSW welds are lower than those generated
during fusion welding, but they are not negligible at all.
FSW is widely being implemented by many industries
such as aerospace, automotive, rail transportation and
shipbuilding industries, particularly for the aluminium
alloys [1-2]. It has represented that FSW process
produces low distortion and residual stress and produced
high performance joints in comparison with the
conventional welding processes [3-6]. The studies
represent that the FSW has been conducted at lower
temperature with respect to the melting temperature of
the base metal. So this welding process categorized as a
kind of solid state joining process [7-8], in which the
solidification microstructure containing brittle phases
and porosities will be diminished. In FSW, a tool (with
shoulder and pin) penetrates into the interface of two
adjacent plates with a rotation speed and travels along
this interface. The surrounding material of the tool is
heated and softened by friction made by the tool. It
causes a high plastic deformation or a nugget zone in the
welding line to be comprised. Therefore, it can be
employed for joining of similar and dissimilar materials
[9-11]. By stirring action in FSW, two different regions
at both side of weld zone were observed. The advancing
side is the side where the tool rotation and traverse
movement are acting in a same direction. The other side
is retreating side. Each weld side consists of three
regions named stirred zone (SZ) also known as
dynamically recrystallized zone or nugget zone, the
thermo-mechanically affected zone (TMAZ) and heat
affected zone (HAZ) which have different
microstructure [12-14]. Some studies on FSW has been
performed to evaluate the microstructure changes,
strength, hardness, and weld residual stress, separately
under static and fatigue load [15-17]. Based on the
literature, the joint properties were affected significantly
by the high temperature rather than the plastic
deformation [18-19]. Segregated band with hard
particles can be found in microstructure of FSW joint of
2024-T351 [20]. Moreover, the properties of FSW of
2024-7075 aluminium alloys are evaluated [21]. The
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effects of residual stresses were also investigated. It was
found that the remained stresses had a greater impact on
life time of aluminium joints rather than its influences
on the hardness and weld microstructure [4], [22-24].
Farhang et al. [25] have studied the effect of
manufacturing parameters on the remained residual
stresses in the FSW of aluminium joint. However, the
correlation between microstructure and manufacturing
parameters has not been presented. Bachman et al. [26]
have inverstigated the effect of different welding speeds
on the residual stresses in FSW of aluminium alloy.
Based on the reviews of the literature presented in this
paper, there have been lack of study in the
interrelationship analysis of microstructure, residual
stresses and mechanical properties in FSW process
which it needs more investigation.

In this study, the properties of FSW joint of AA2024-
T6, an aluminum alloy which are mostly used in the
aerospace industry was investigated and its residual
stress distribution, mechanical strength and the weld
microstructure were evaluated. Samples were welded at
different rotation and traverse speeds as manufacturing
parameters. The microstructure of each sample was
examined, while a tensile and hardness tests were also
conducted to assess the mechanical properties of the
joints. In addition, the remained stresses were measured
using hole-drilling strain gage method. In the last stage,
the effect of manufacturing parameters has been
investigated.

2 EXPERIMENTAL PROCEDURE

The experimental test was performed on eight
rectangular plates from 2024-T6 aluminum alloy [27-
29], with 15050 mm dimensions and 4 mm thickness.
The chemical composition and mechanical properties of
the base metal were reported in “Table 1 and 27,
respectively.

Table 1 Chemical Composition of Al 2024-T6 base metal
Flemen | Al | Mg | Mn | cu | si | Fe
Mass Rema | 1.57 | 0.61 | 5.32 | 0.097 | 0.28
(%) ining | % | 3% | % 3% 4%

Table 2 Mechanical Properties of Al 2026-T6 base metal

Tensile Yield Hardness
Strength Strength
AZRY | aosqupa) | 375 (MPa) | 153(HV)

The plates were FSWed by H13 steel tool with hardness
of 56 HRC. The tool was made of shoulder and pin.
Shoulder diameter was 16 mm and with height of 11mm.
Elangovan et al. [30] showed that the square pin gives



Int J Advanced Design and Manufacturing Technology, Vol. 15/ No. 3/ September — 2022 3

more hardness and strength in welded area. Krishna et
al. [31] evaluated the effect of using the different tool
pin profile of friction stir welding on the mechanical
properties of Al plates. They concluded that better
mechanical properties of welded joint can be obtained
by employing square tool, so we used this type of pin
shape for the experiment. The pin of the tool had a
square section with length of 4 mm and height of 3.85
mm. The overall height of the tool was 56.85. The tool
tilted by 3 degree from the normal direction of the plate.
The weld performed parallel to the rolling direction of
the plates. Figure 1 shows the FSW process with
employed tool in different views. The welding
parameters of the prepared specimens are shown in
“Table 3” (two samples were provided at each
condition). The ranges of welding speeds were extracted
according to the reported optimized welding parameters
achieved in related studies to achieve the specimens
without defect [32-33].

Rotation direction

Traversing direction Weld zone A plate

(a)

Tool shoulder

Tool pin

(b)

Fig.1  Schematic of FSW process: (a): isometric view, and
(b): front view.

Table 3 Welding parameters

Specimen | Rotation Speed Traverse Speed
R1120-T25 1120(rpm) 25(mm/min)
R1120-T31.5 1120(rpm) 31.5(mm/min)
R1600-T25 1600(rpm) 25(mm/min)
R1600-T31.5 1600(rpm) 31.5(mm/min)

For microstructural studies, samples were extracted
from welded plates. After polishing the surface of
samples, they were etched by modified Keller etchant (3
ml HCI, 2 ml HF, 190 ml H,0, 5 ml HNOs,) and were
examined by optical microscopy. The micro-hardness
was measured along the cross section of the center line
under the load and time of 0.5 N and 15 Sec, with an
interval of 1 mm.

Tensile test was also conducted on a calibrated test
machine (SANTAM) operated in displacement control
with 50 KN load cell and 1 mm/min speed. The tensile
test specimens were cut from the region indicated in “Fig
2” in direction perpendicular to the weld line. Three
tensile samples were extracted and used to evaluate
tensile properties of each specimen [34]. Figure 2 shows
the dimensions and locations of each test sample.

100 mm

< >
< >
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15 mm
Discarded Zone

End Point

Hardness Sample

Tensile Test Sample

Microstructure

Sample

150 mm

{ Tensile Test Sample

Residual Stress

Measurement

Tensile Test Sample

Discarded Zo
Start Point e =

15 mm

v i Y

Fig.2  Dimensions of FSW specimens and test samples.

Measurement of the residual stress has been performed
using hole-drilling strain gage method [35-37]. Strain
gauge based technology is used commonly in the
manufacture of pressure sensors [38-41]. Measurements
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were made in three points for each specimen. As it is
shown in “Fig. 3(a)”, one point on the weld centerline
(SZ) and two other points on 8 mm distance away from
the weld centerline on the boundary of SZ and base
metal were selected. Rosette type strain gage was
installed on the chosen points. The released strains
during drilling are measured according to ASTM E837
standard [42]. Traverse and longitudinal remained
stresses were calculated as Equation (1):

_atE o

1
O minmax — 4A E\/(é‘3 - ‘91)2 + (53 +é& — 2(;‘2)2

1)

Where, ;, €, and &5 are the released strains from rosette
strain gauges. Mechanical properties of the base metal
and the hole diameter were counted by A and B
coefficients. These coefficients are derived directly from
the tables presented in ASTM E837 in accordance with
Young’s modulus and Poisson’s ratio of the specimen
and the diameter of the drilled hole. Figure 3(b) shows
the hole-drilling strain gage measurement setup.

<59 ‘1’:’
Retreating Side |

Hole drilling mact

>
£

Strain indicator
g e

Welded specimen ‘
O

o Sy ol

for hole-drilling

o T R ¢
Rosette strain gages arrangement
method.

Fig. 3
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3 RESULTS AND DISCUSSION

Rotation and traverse speeds of FSW process affect the
properties of the weld zone. The following sections are
concentrated on the microstructure, RS, tensile strength
and hardness interrelationship of AA2024-T6 aluminum
alloy FSW.

3.1. Microstructural Analysis

Based on the visual inspection before and after the
tensile test, it was observed that all joints are free from
defects like voids and tunnels. FSW joints are
microstructurally divided into four regions: SZ in center
line of weld, TMAZ, HAZ and Base metal. By changing
the rotation and traverse speeds, due to different plastic
deformation and welding temperature, the size of these
zones changed subsequently.

Microstructures of different regions for specimen with
31.5 mm/min traverse speed and 1600 rpm rotation
speed are shown in “Fig 4”. Figure 4(a) shows the
microstructures of weld zone and base metal. This figure
indicates fine and elongated grains of base metal as a
result of rolling process with second phase particle
arbitrary distribution as represented in previous studies
[42-44]. Figure 4(b) represents the microstructure of
retreating side TMAZ. Besides, it is an evidence of
plastic deformation which can be seen in TMAZ, it’s
likely not enough for occurring recrystallization. As a
result of higher generated heat and plastic formation,
fine, homogenous, recrystallized and equiaxed grains are
demonstrated in SZ microstructure (“Fig. 4(c)”). The
localized precipitation on grain boundaries provide
suitable location for recrystallization phenomenon [45-
46]. So this condition with low heat input lead to grain
refinement. Figure 4(d) illustrates the microstructure of
the bottom region of the joint section. It contains onion
rings patterns resulted from non-homogenous
distribution of refined grains and enhancement of
dislocation density.

Fig. 4  Optical microscope image at different location
corresponding to 31.5 mm/min traverse speed and 1600 rpm
rotation speed: (a): weld zone and base metal, (b): retreating
side of TMAZ, (c): SZ, and (d): bottom region of weld joint.
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Figure 5 represents the SZ microstructures of different
specimens. Increase in rotation speed and decrease in
traverse speed made larger grains. Consequently, it
caused smaller and more integrated distributions of
second phase particles. The relation between FSW
speeds and grain size is represented in “Table 4”. “Table
4” shows the maximum grain size achieved at lowest
traverse speed of 25 mm/min and the highest rotation
speed of 1600 rpm.

X 5 Gl EETE UL
Fig.5  Optical microstructures of the SZ: (a): 25 mm/min
and 1120 rpm, (b): 31.5 mm/min and 1120 rpm, (c): 25
mm/min and 1600 rpm, and (d): 31.5 mm/min and 1600 rpm.

Table 4 Average grain sizes in the nugget zone at different
rotation and traverse speeds

Specimen %ri";'en Traverse Speed Rotation

P (um) (mm/min) Speed (rpm)
_Fgézo' 1.73 25 1120
_'?3%1250' 1.35 315 1120
$21§00- 2.67 25 1600
%i’%o' 2.41 315 1600

3.2. Hardness Measurement

Figure 6 illustrates the profiles achieved from micro-
hardness test of the welded joints.

The hardness increases by increment of traverse speed.
In constant rotation speeds (1120 or 1600 rpm), by
changing the traverse speed from 25 to 31.5, the average
of hardness increased about 6% similarly. In constant
traverse speeds (25 or 31.5 mm/min), by increasing the
rotation speed from 1120 rpm to 1600 rpm, the hardness
values decreased about 19%. On the other hand, as stated
in previous section, by increasing rotational speed and
decreasing traverse speeds, the grain size increases
subsequently. Regularly, the strength and hardness of

high angle grain materials, decreases with increase of
grain size. However, in this case, it can be inferred that
the hardness is independent from the grain size [44],
[47]. Here, there are second phase particle, precipitates
size, distribution and plastic deformation during welding
that characterize the weld hardness. In general, for age
hardening aluminum alloys, amount, size and
distribution of precipitates have a key role on the weld
properties [48]. Increasing the tool traverse speed leads
to higher plastic deformation and more uniform second
phase particle distribution. It leads to higher hardness
which may attributed to minimum grain size because the
increase in tool traverse speed made more plastic
deformation and consequently reduces the grain size.

v oLce ), X £, N
SEM image showing the second phase
precipitation.
3.3. Joints Tensile Strength
Tensile strength of welded specimens are shown in
“Table 5. It can be seen, although the tensile strength of
these specimens has not reached to the strength of base
metal, it has improved by decreasing the welding speeds.
It has observed that the tensile properties of friction stir
welded joints without defect were proportional to
hardness values and as stated before, the hardness
depends on second phase particles distribution and
induced from plastic deformation [44], [49]. Tensile
strength reaches to its maximum value at 31.5 mm/min
and 1120 rpm which has had the minimum grain size.

' Fig. 6

Table 5 Tensile strength of different welded specimens

Specimen Tens?&g’g)e ngth Strain
R1120-T25 271 6.5
R1120-T31.5 325 9.6
R1600-T25 169 1.9
R1600-T31.5 199 24
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Fig. 7 Hardness profiles (transverse directions, mid
thickness).

It can be seen that better distribution of second phase and
higher plastic deformation has been made by increasing

the tool rotational speed. Consequently, the joint
strength and hardness improved similarly. The joint
strength also can be improved at higher traverse speed,
because there were more plastic deformation and lower
welding heat input.

It should be noted that increasing in traverse speed
causes second phase precipitations to appear in the
sample. They are located in the body of the grains. They
have an elongated rounded shape (“Fig. 6).

According to conducted tensile tests, the fracture of
welded joints occurs on the advancing side which may
be related to more softening of this side of FSW joints.
Furthermore, the higher values of hardness in retreating
side can be seen in “Fig. 7”. The weld zone and thermo-
mechanically affected zone (TMAZ) are also shown in
“Fig. 7”.

3.4. Residual Stress Measurement

The residual stress measurements have been performed
by hole-drilling strain gage method. The obtained results
are listed in “Table 6.

Table 6 Residual values of different specimens

. Longitudinal residual stress (MPa)
Specimen - - - - -
Retreating Side Weld Centerline Advancing Side
R1120-T25 67.3 57.7 79.1
R1120-T31.5 69.6 60.71 95.5
R1600-T25 84.9 74.9 92.1
R1600-T31.5 85.2 76.7 110.2
Transverse residual stress (MPa)
Retreating Side Weld Centerline Advancing Side
R1120-T25 -34.6 -55.2 -35
R1120-T31.5 -20 -34.1 8.3
R1600-T25 -64.3 -77.9 -53.1
R1600-T31.5 -32.3 -39.8 1.5

The tensile nature of longitudinal residual stress that aids
to open the cracks tip can have a significant effect on the
structure life [50]. Due to lower welding heat input in
FSW process in compression to fusion welding
processes [51-52], one of the main factors in creation of
residual stress has been diminished. On the other hand,
because of the pasty nature of the SZ and lower
temperature gradient [53], further thermal stresses tend
to relief.

As can be seen in Table 6, the mean longitudinal residual
stress increases by increasing the rotation speed due to
more generated heat and plastic deformation. The effect
of rotation speed on longitudinal residual stress
magnitude is larger three times than the effect of traverse
speed. The strength of the welded joint enhanced by
increasing the traverse speed. Despite of lower welding
heat input, the longitudinal residual stress increased
gradually. For instance, in constant rotation speeds of
1120 rpm and 1600 rpm, the longitudinal residual stress
value increased about 5 and 2%, while increasing the
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traverse speed, respectively. Also, at constant traverse
speeds of 31.5 mm/min and 25 mm/min, the longitudinal
residual stress value increased about 30% and 26%, by
increasing the rotational speed, respectively. The
transverse residual stress did not show a clear
dependence on tool speeds but the magnitudes are lower
than longitudinal residual stress and weld zone is under
compression in this direction. The transverse residual
stress became more compressive by increasing the tool
rotational speed and diminishing the tool transverse
speed.

Furthermore, at advancing side, due to more generated
heat and higher material flow [54], the residual stress of
this side is higher than retreating side. It is another
reason for occurrence of rupture at advancing side of
AA2024 FSW joint. The magnitude of residual stress is
in accordance with tensile test results. By increasing the
traverse speed (causes increase in strain rate) and
rotation speed (causes heating), residual stress increases
subsequently.
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4  CONCLUSIONS

Several joints were prepared by FSW of AA2024-T6
material. Results showed that the microstructures,
hardness, tensile properties and residual stress are under
influence of welding speed and related to each other. The
following results were obtained:

1- An increment of rotation speed increases the grain
size and results in finer and more homogenous
distributions of particles in the weld SZ.

2- In minimum rotation speed and maximum traverse
speed, the hardness of welding zone increases. This
can be attributed to finer and homogenous
distribution of second phase particles and
precipitates and more plastic deformation of the weld
zone.

3- The trend of tensile strength is similar to hardness; the
maximum hardness and tensile strength were
achieved at 31.5 mm/min transvers speeds and 1120
rpm rotation speed.

4- The defect free joints were ruptured in HAZ of
advancing side. Higher residual stress in this side
may be responsible for its lower strength.

5- In FSW of AA2024 T6, the grain size is important as
induced plastic deformation and the second phase
particles distribution which were the main factors
that affected the mechanical properties.

6- By increasing of residual stresses, the tensile strength
has decreased
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